Background {#Sec1}
==========

Today, the contamination of indoor air of buildings by fungi is suggested to be associated with public health problems \[[@CR1]\]. However, the causal link between fungal air contamination and respiratory problems is still not well understood. This is partly due to the issues related to the detection and identification of fungal species in indoor air. Indeed classically, the detection and monitoring workflow of indoor fungal contamination are based on the microscopic identification of fungi obtained after a cultivation step \[[@CR2], [@CR3]\]. This culture-dependent workflow leads to some bias in the diversity observed due to e.g., species competition on plate, uncultivable species or dead fungi \[[@CR2]--[@CR5]\]. However, these by classical workflow undetected species could affect human health \[[@CR5]\]. To avoid this bias, the use of culture-independent, molecular techniques seems to be more advantageous than the classical workflow \[[@CR4], [@CR6]\]. That is why PCR \[[@CR7], [@CR8]\] and real-time PCR (qPCR) are currently increasingly used for the monitoring of indoor airborne fungi \[[@CR7], [@CR9]--[@CR12]\].

Although qPCR methods are specific and allow the identification up to species level, genetically close species are sometimes difficult to be discriminated using these molecular tools. For example, we previously proposed a qualitative qPCR SYBR®Green method targeting the ITS2 region (*Aversi_ITS* assay) for the detection of *Aspergillus versicolor* \[[@CR13]\]*,* an important indoor fungal contaminant \[[@CR2], [@CR14], [@CR15]\]. Among the 10 species from the indoor air background that had been included in the specificity test, this tool developed for the specific detection of *A. versicolor* resulted in false positives only for the DNA of 2 genetically close species, i.e., *Aspergillus creber* and *Aspergillus sydowii*, belonging to the same group of *Versicolores*.

As previously elaborated \[[@CR13]\], these 3 species are difficult to be discriminated, both morphologically as genetically. The available Taqman assays of the United States Environmental Protection Agency (EPA) for the specific detection of *A. versicolor* and *A. sydowii* respectively, also amplify both species each time \[[@CR11], [@CR16]\]. For *A. creber*, no Taqman assays have been developed and/or tested yet. Nevertheless, it has been observed that closely related species could show different antifungal patterns, which is important information to choose the appropriate therapeutic regime \[[@CR17]\]. Additionally, Jurjeciv et al. \[[@CR18]\] reported that, in a same environmental context, the different species belonging to this *Aspergillus* group (including *A. creber* and *A. versicolor*) produce different concentrations of sterigmatocystin, a precursor of the aflatoxin B1 which is a well-known carcinogenic mycotoxin. *A. sydowii* is known as a non-sterigmatocystin producer \[[@CR19]\]. These observations indicate that these 3 genetically closely related species belonging to the *Versicolores* group could have a different effect on health. However, it has not yet been investigated what the difference is concerning the impact of their presence in indoor air on public health. Hereto, a rapid, culture-independent discriminative method is currently lacking. Therefore, this is an interesting case study for the development of a molecular method that can discriminate genetically close species of indoor airborne fungi.

In the present study, we developed a molecular method based on our previously proposed SYBR®Green qPCR method for the detection of *A. versicolor* \[[@CR13]\], for the discrimination of *A. versicolor*, *A. sydowii* and *A. creber*. Indeed, the advantage of SYBR®Green includes the possibility to discriminate different amplicons based on their melting temperature (T~m~). However, despite nucleotide variations between the 3 amplicons obtained for respectively *A. versicolor*, *A. sydowii* and *A. creber*, poor discrimination could be made with a classical melting curve analysis \[[@CR13]\]. In this context, the technology of high resolution melting (HRM) could offer a good alternative method for the discrimination of species closely related at the genetic level. Unlike the SYBR®Green chemistry, the dye used for HRM analysis is a saturating dye, such as the Evagreen dye. Consequently, all amplicons obtained after the DNA template amplification are saturated by the dye improving the detection of nucleotide variations, in combination with a high resolution qPCR instrument allowing a very detailed analysis of the melting behavior \[[@CR20]\]. Based on this particularity, genetically closely related species can be distinguished with HRM analysis as it was shown for *Candida* species and some other invasive fungal species \[[@CR21]--[@CR23]\] including some *Aspergillus* species \[[@CR24]\]. The HRM analysis groups together (i.e., clusters) samples with similarities in the shape of the melting curves, which is the outcome of an HRM experiment. By including positive controls for each of the expected species, the discrimination in species-specific clusters can be done.

By taking 3 *Aspergillus* species closely related at the genetic level as a case study, we deliver the proof-of-concept that existing SYBR®Green qPCR methods can be further developed using HRM into more discriminating molecular methods. These offer the possibility to improve the identification of indoor airborne fungi, thereby eventually contributing to establishing the causal link between these contaminants and adverse health effects.

Methods {#Sec2}
=======

Strains, culturing and DNA isolation {#Sec3}
------------------------------------

All the species and strains used in this study were previously used to develop the qPCR SYBR®Green *Aversi_ITS* assay \[[@CR13]\]. All of these strains were purchased from the BCCM/IHEM collection (Brussels, Belgium) and are listed in Table [1](#Tab1){ref-type="table"}, i.e., *A. creber, A. sydowii*, *A. versicolor* and *P. chrysogenum*. Culturing and the DNA extraction protocols were previously described in Libert et al. \[[@CR13]\].Table 1Species discrimination by HRM analysisGenusSpeciesReference\
BCCM/IHEM ^a^T~m~\
mean ± SD\
(°C) ^b^Cluster ^c^Confidence\
mean ± SD ^d^\
(%)*Aspergillusversicolor*IHEM 132376.45 ± 0.07198.4 ± 0.4*Aspergillusversicolor*IHEM 135576.30 ± 0.14197.6 ± 2.2*Aspergillusversicolor*IHEM 202376.40 ± 0.28198.9 ± 0.9*Aspergillusversicolor*IHEM 215776.35 ± 0.21198.6 ± 0.4*Aspergillusversicolor*IHEM 298376.30 ± 0.14198.6 ± 1.0*Aspergillusversicolor*IHEM 659876.40 ± 0.28198.2 ± 0.4*Aspergillusversicolor*IHEM 967476.55 ± 0.07198.9 ± 0.4*Aspergillusversicolor*IHEM 1035176.30 ± 0.14199.0 ± 0.5***Aspergillus**versicolor*IHEM 18884**76.40 ± 0.28198.6 ± 0.9*Aspergillusversicolor*IHEM 1901476.35 ± 0.21198.8 ± 0.6*Aspergillusversicolor*IHEM 1921076.40 ± 0.01198.5 ± 0.9*Aspergillusversicolor*IHEM 1925676.40 ± 0.28198.8 ± 0.2*Aspergillusversicolor*IHEM 2201476.35 ± 0.21198.3 ± 1.1*Aspergillusversicolor*IHEM 2297576.30 ± 0.14198.6 ± 1.0*Aspergillusversicolor*IHEM 2442476.50 ± 0.42199.0 ± 0.5*Aspergillussydowii*IHEM 89576.35 ± 0.21299.1 ± 0.4*Aspergillussydowii*IHEM 136076.40 ± 0.00299.2 ± 0.3***Aspergillus**sydowii*IHEM 20347**76.50 ± 0.14299.8 ± 0.1***Aspergillus**creber*IHEM 2646**76.40 ± 0.28397.9 ± 1.2*Aspergilluscreber*IHEM 291676.38 ± 0.08398.9 ± 1.3*Penicilliumchrysogenum*IHEM 20859/ND/*Penicilliumchrysogenum*IHEM 4151/ND/The strains in bold are considered as a reference used for the assay development and are fully characterized as respectively *A. creber*, *A. sydowii* and *A. versicolor*. ^a^ Pure strains from the BCCM/IHEM collection. ^b^ Average of the T~m~ ± standard deviation (SD) obtained for each strain analyzed in duplicate during 2 independent runs. ^c^ Cluster 1, 2 and 3 were defined with the Biorad Precision Melt Analysis software 1.2 (Temse, Belgium). ND: not detected. ^d^ Average of the percentage of confidence (± standard deviation SD) from the mean of the cluster, defined with the Biorad Precision Melt Analysis software 1.2 (Temse, Belgium). The percentage of confidence threshold was defined as 95%, below this threshold the result is considered as not acceptable as a true positive

qPCR and high resolution melting (HRM) conditions {#Sec4}
-------------------------------------------------

The HRM assays were performed using a CFX96 Touch™ Real-Time PCR Detection System and the CFX manager 3.1 software (Biorad, Temse, Belgium).

The qPCR program was previously described and optimized \[[@CR13]\]. The following thermal cycling conditions were used i.e., 1 cycle at 95 °C for 2 min for the complete activation of the hot-start DNA polymerase, 40 cycles at 95 °C for 10 s for the denaturing step, followed by one step at 60 °C for 30 s (annealing and extension), and a final extension at72 °C for 30 s. The PCR amplification was followed by the HRM analysis which is performed in 2 stages, adapted from the instruction manual for the Precision Melt Supermix (Biorad, Temse, Belgium). The first stage was the heteroduplex formation, i.e. 95 °C for 30 s and 60 °C for 1 min. The second step was the high resolution melting (HRM) itself between 63 and 95 °C with an increment of 0.10 °C each 10 s.

As recommended by the manufacturer, the reaction mix (20 μl final volume) contained 10 μl of Precision Melt Supermix with Evagreen dye (Biorad, Temse, Belgium), 1.2 μl of *Aversi_ITS* f and *Aversi_ITS* r (Eurogentec, Liège, Belgium) at 300 nM final concentration each \[[@CR13]\], and 2.6 μl of Gibco® DNase, RNase, Protease free pure water (Life Technologies, Gent, Belgium). In each well, an equal amount of 5 μl of each genomic DNA (gDNA) template (1 ng per μl, so 5 ng gDNA in total per well) was added to the reaction mix. During the optimization phase of the HRM assay, 5 ng of gDNA was analyzed in duplicate, each in two independent runs. In each assay a non DNA template control (NTC~water~) composed of Gibco® DNase, RNase, Protease free pure water (Life Technology, Gent, Belgium) and 3 positive controls i.e., *A. creber* IHEM 2646 (5 ng of gDNA), *A. versicolor* IHEM 18884 (5 ng of gDNA) and *A. sydowii* IHEM 20347 (5 ng of gDNA) were added.

HRM data analysis {#Sec5}
-----------------

The melt-curve data were analyzed with the Biorad Precision Melt Analysis software 1.2 (Biorad, Temse, Belgium).

A sample is defined as positive for a specific species, if an amplicon is obtained, if the observed T~m~ corresponds to the T~m~ defined by Libert et al. \[[@CR13]\] for *A. versicolor* (i.e., 76.5 ± 0.18 °C) and if the sample is classified in the same cluster as the cluster defined for its respective positive control. The software also calculates a percent confidence. This value provides a percentage chance that a given well is correctly categorized within the assigned cluster. It is based on the number of standard deviations the sample is from the mean of the cluster. This assumes that the found "cluster means and standard deviations" are accurate descriptions of the real probability distributions of the data \[[@CR25]\]. The threshold of the percent confidence was fixed at 95%. Below this limit, the sample was considered as not acceptable as a true positive.

The clustering of each sample can be visualized by the software with different charts, e.g. the melt peak curve, the normalized melt curve chart and the difference curve chart. The melt peak curve (Fig. [1a](#Fig1){ref-type="fig"}) shows the derivative of the fluorescence versus temperature, indicating the T~m~. The normalized melt curve (Fig. [1b](#Fig1){ref-type="fig"}) shows a normalized view of the melt curve of each sample (Pre-melt (initial) and post-melt (final) fluorescence signals of all samples are normalized to relative values of 100% and 0%, differences in background fluorescence between curves are eliminated) and plots their relative fluorescence unit (RFU) against the temperature. The difference curve (Fig. [1c](#Fig1){ref-type="fig"}) magnifies curve differences by subtracting each curve from the most abundant type or from a user-defined reference. By setting a baseline, small differences between the RFU obtained for each cluster become visible.Fig. 1High resolution melting analysis plots. HRM analysis results are illustrated with (**a**) melt peak curves, (**b**) the normalized melt curves and (**c**) the difference plots. Each cluster was defined with the Biorad Precision Melt Analysis software 1.2 (Temse, Belgium). The red curves correspond to *A. versicolor* strains, the green curves to *A. creber* strains and the *blue* curves to *A. sydowii*. gDNA of each strain, i.e., *A. creber* IHEM 2646 (5 ng of gDNA), *A. versicolor* IHEM 18884 (5 ng of gDNA) and *A. sydowii* IHEM 20347, was tested in duplicate in 2 independent runs. RFU: relative fluorescence units

Sensitivity test: limit of detection {#Sec6}
------------------------------------

To evaluate the sensitivity of the use of the *Aversi_ITS* f/r primers for the HRM application, a serial dilution of gDNA of *A. creber* BCCM/IHEM 2646, *A. sydowii* BCCM/IHEM 20347 and *A. versicolor* IHEM 18884, defined as a reference by Libert et al. \[[@CR13]\] for the performance assessment of the *Aversi_ITS* assay, was made and the limit of detection (LOD) was determined. A serial of 10 dilutions from 1000 to 0.01 pg (i.e., 1000, 500, 50, 10, 5, 1, 0.5, 0.1, 0.05, 0.01 pg) was analyzed in duplicate with 6 independent runs. To comply with the Precision Melt Supermix requirements on the minimum amount of DNA to be present in the well, all the dilutions were made in 10 ng deoxyribonucleic acid sodium salt from salmon testes i.e., salmon sperm DNA (Sigma-Aldrich, Diegem, Belgium). In each assay, a negative control (NTC~salmon\ sperm~), i.e., 10 ng of salmon sperm DNA (Sigma-Aldrich, Diegem, Belgium) and NTC (composed of Gibco® DNase, RNase, Protease free pure water) were added. The LOD was determined as the lowest amount of gDNA where for at least 11 out of the 12 repetitions the amplicon (with the correct T~m~) and the correct cluster (with confidence \>95%) were obtained.

Symmetric and asymmetric DNA concentration test {#Sec7}
-----------------------------------------------

In order to evaluate the discriminative power of the HRM assay, 12 mixes of gDNA of *A. creber, A. sydowii* and *A. versicolor* were analyzed in duplicate. The mixes' composition is presented in the first part of Table [3](#Tab3){ref-type="table"}. Briefly, first 5 ng of gDNA from a mix (A) containing an equal amount of gDNA from each targeted species (i.e., 5 ng of each species for 5 μl of total volume of mix) that were mixed together (Table [3](#Tab3){ref-type="table"}) was analyzed with HRM. To assess the capacity of the HRM assay to detect and discriminate the 3 targets in an imbalanced mix of gDNA, as it could occur in environmental samples, a second (B to G) set of mixes was analyzed (Table [3](#Tab3){ref-type="table"}). In mixes B to D, 2 species were introduced with an equal amount of gDNA (i.e., 5 ng both for 5 μl of total volume of mix) and a third one at the LOD; in mixes E to G, one species dominated the others (i.e., 25 ng for 5 μl of total volume of mix), while the 2 others were added at the same amount of gDNA (i.e., 5 ng both for 5 μl of total volume of mix). Each HRM analysis was performed in duplicate with 5 μl of gDNA mix. The strains used for the mixes were the BCCM/IHEM 2646 for *A. creber*, the BCCM/IHEM 895 for *A. sydowii* and the BCCM/IHEM 10351 for *A. versicolor*.

In each assay, an NTC (no DNA) and 3 positive controls were added to the assay i.e., *A. creber* IHEM 2646 (5 ng of gDNA), *A. versicolor* IHEM 18884 (5 ng of gDNA) and *A. sydowii* IHEM 20347 (5 ng of gDNA). At the time of these experiments, the strain BCCM/IHEM 2646 was the only confirmed strain of *A. creber* available in the collection. During the redaction of this manuscript, a new *A. creber* strain (BCCM/IHEM 2916) was added to the BCCM/IHEM collection. To verify whether a correct discrimination could be done for this new strain, a test was performed following the conditions described in the sections qPCR and high resolution melt conditions and HRM data analysis (Table [1](#Tab1){ref-type="table"}). The results matched with those previously obtained with the strain BCCM/IHEM 2646. Therefore it was decided that the strain *A. creber* BCCM/IHEM 2646 could be used as a representative for *A. creber* in the symmetric and asymmetric concentration tests.

Specificity assessment {#Sec8}
----------------------

In order to verify that the discrimination of the 3 targeted species (*A. creber, A. sydowii*, *A. versicolor*) can be done in the presence of a non-targeted species (*P. chrysogenum*), 3 additional mixes (H to J, Table [3](#Tab3){ref-type="table"}) were tested, where *P. chrysogenum* replaced one of the 3 *Aspergillus* species. The pure strain *P. chrysogenum* BCCM/IHEM 20849 was selected as a negative control. The mixes H, I and J have equal composition containing 5 ng per *Aspergillus* species and 25 ng for *P. chrysogenum* (Table [3](#Tab3){ref-type="table"}). The mix K was introduced as a negative control containing only 5 ng of *P. chrysogenum* gDNA extracted from the strain BCCM/IHEM 20849 (Table [3](#Tab3){ref-type="table"}). In each assay, an NTC~water~ and 3 positive controls were added i.e., *A. creber* IHEM 2646 (5 ng of gDNA), *A. versicolor* IHEM 18884 (5 ng of gDNA) and *A. sydowii* IHEM 20347 (5 ng of gDNA). The strains used for the mixes were the BCCM/IHEM 2646 for *A. creber*, the BCCM/IHEM 895 for *A. sydowii* and the BCCM/IHEM 10351 for *A. versicolor*.

Proof-of-concept using environmental air samples {#Sec9}
------------------------------------------------

To assess the performance of the *Aversi_ITS* assay to discriminate the 3 targeted *Aspergillus* spp. using the HRM technology, 4 environmental samples previously collected in a single contaminated house and previously analyzed with the *Aversi_ITS* assay and classical identification methods \[[@CR13]\], were used. The sampling protocol, the classical method of identification (i.e., counting and microscopic identification) and the gDNA extraction have been previously described \[[@CR13]\]. The HRM analysis was performed in duplicate in 4 independent repeats, as described above. In addition to using the DNA extracted from the environmental samples as such, in a second round of experiments, in order to avoid any issues with the HRM supermix, 10 ng of salmon sperm DNA was added to all DNA mixtures prior to HRM analysis. As mentioned above, each HRM analysis included a positive control for each of the species to be discriminated (25 ng of gDNA).

To be sure that no inhibition occurs during the HRM analysis and in order to verify that all the 3 species can be detected and discriminated with the HRM analysis, two sets of gDNA from pure cultures were spiked into one environmental sample where *A. versicolor* was not detected by classical nor qPCR methods (i.e., sample 3). A first set contained 25 ng gDNA extracted from pure culture (*A. creber* 2646 IHEM/BCCM, *A. sydowii* 895 and *A. versicolor* 10,351) spiked into the DNA extracted from the environmental sample 3. In addition, spikes were made with an amount of DNA for each of the targeted species at the LOD in order to verify whether a very small amount could be detected in this environmental sample. Similarly to what was done with the 'pure' environmental samples, a second set of sample was made with an addition of salmon sperm DNA (10 ng) into the spiked samples in order to increase the DNA amount available for the supermix (cfr. The sensitivity test). As mentioned above, in each assay, a NTC~water~, a NTC~salmon\ sperm~ and 3 positive controls were added i.e., *A. creber* IHEM 2646 (25 ng of gDNA), *A. versicolor* IHEM 18884 (25 ng of gDNA) and *A. sydowii* IHEM 20347 (25 ng of gDNA).

Results {#Sec10}
=======

HRM assay development {#Sec11}
---------------------

The HRM analysis reported in this study is based on a previously published qPCR SYBR®Green assay \[[@CR13]\], called *Aversi_ITS*. In that study \[[@CR13]\], during the performance assessment, the specificity was tested for 10 species frequently found in indoor air i.e., *Alternaria alternata*, *A. creber*, *Aspergillus fumigatus*, *A. sydowii*, *A. versicolor*, *Cladopsorium cladosporioides*, *Cladosporium herbarum*, *Penicillium chrysogenum*, *Stachybotrys chartarum* and *Ulocladium botrytis*. This test showed to be specific for *A. versicolor*, i.e. no amplification for the non-targeted species, with the exception of *A. creber* and *A. sydowii* which yielded an amplicon with the same T~m~ than the one observed for *A. versicolor* (i.e., 76.5 °C).

Therefore, the species discrimination using the *Aversi_ITS* assay was optimized using the HRM approach as elaborated in Materials and Methods for the species for which amplification was obtained with the *Aversi_ITS* assay. Hereto, firstly, the HRM assays were performed in duplicate using gDNA extracted from pure strains acting as reference strains in Libert et al. \[[@CR13]\] i.e., the BCCM/IHEM strain 18,884 for *A. versicolor*, the BCCM/IHEM strain 20,347 for *A. sydowii* and the BCCM/IHEM strain 2646 for *A. creber*. The 3 reference strains showed an expected melting temperature (T~m~) ranging between 76.40 ± 0.28 and 76.50 ± 0.14 and could be classified each in a different cluster (Fig. [1a](#Fig1){ref-type="fig"}, b, c ; Table [1](#Tab1){ref-type="table"}). Cluster 1 grouped together all the replicates of the *A. versicolor* BCCM/IHEM 18884 with a confidence of 98.6 ± 0.9. Cluster 2 was defined by all the replicates from the *A. sydowii* BCCM/IHEM 20347 strain with a confidence of 99.8 ± 0.1. Finally, all the replicates from the *A. creber* BCCM/IHEM strain 2646 were classified in cluster 3 with a confidence of 97.9 ± 1.2.

Subsequently, all other strains available in the BCCM/IHEM collection and belonging to the species *A. creber, A. versicolor* or *A. sydowii* were tested. The T~m~ of the obtained amplicon was determined to verify the PCR amplification step. As previously reported \[[@CR13]\], gDNA of all species tested resulted in an amplicon with a T~m~ around 76.5 ± 0.18 °C (Table [1](#Tab1){ref-type="table"}). No amplification was observed in any of the NTCs added to the assays. All the strains of *A. versicolor* were grouped in cluster 1 defined by the reference strain BCCM/IHEM 18884 with a confidence defined between 97.6 ± 2.2% and 99.0 ± 0.5%. Those of *A. sydowii* were grouped in cluster 2 defined by the reference strain BCCM/IHEM 20347 with a confidence ranging between 99.1 ± 0.4% and 99.2 ± 0.3% and those of *A. creber* in cluster 3 defined by the reference strain BCCM/IHEM 2646 with 98.9 ± 1.3% of confidence. In Additional file [1](#MOESM1){ref-type="media"}, the normalized melt curves and difference curves for each of the tested strain have been depicted to illustrate the inter- and intra-species variabilities. These results are in line with what was expected based on the alignment of the amplified region in each of the strain tested (Additional file [2](#MOESM2){ref-type="media"}).

*P. chrysogenum* was tested as negative control because of its phylogenetic proximity with the *Aspergillus* genus \[[@CR26]\] and its importance in indoor air contamination \[[@CR10], [@CR27]\]. Two different strains were included, but they did not yield an amplicon as expected based on the selectivity previously determined for the *Aversi_ITS* assay \[[@CR13]\].

Sensitivity test: limit of detection {#Sec12}
------------------------------------

To define the lowest amount of gDNA that can be discriminated with the HRM analysis, a serial dilution, from 1000 to 0.01 pg in 10 steps repeated in duplicate in 6 independent runs was tested (Table [2](#Tab2){ref-type="table"}). Because the HRM supermix cannot be used with an amount of input DNA lower than 0.1 ng, all the dilutions were made in salmon sperm DNA. No amplification was observed in the negative controls i.e., NTC~water~ and NTC~salmon\ sperm~ (data not shown). For *A. versicolor*, the LOD of the *Aversi_ITS* qPCR assay was previously defined at 1 copy of gDNA \[[@CR13]\] which corresponds to 0.05 pg of gDNA. In the HRM assay, *A. versicolor* was amplified until 0.1 pg of gDNA with 12/12 positive detection events and until 0.05 pg of gDNA with 10/12 positive detections, i.e. correct amplicon and cluster and confidence \>95%. Below this limit of 0.05 pg, no amplification was observed for *A. versicolor* in the tested concentrations. *A. creber* and *A. sydowii* were detected with minimum 11/12 positive detection events until 0.5 pg of gDNA (Table [2](#Tab2){ref-type="table"}). As shown in Table [2](#Tab2){ref-type="table"}, the discrimination in the 3 different clusters could be made with HRM until 0.5 pg of gDNA, under this limit no discrimination could be made between *A. creber* and *A. sydowii*. Based on these observations, the LOD for the HRM assay was defined at 0.5 pg of gDNA for *A. creber* and *A. sydowii* and at 0.1 pg for *A. versicolor* (Table [2](#Tab2){ref-type="table"}).Table 2Limit of detection of HRM assayParameterGenusSpecies ^a^Cluster ^b^gDNA amount (pg)10005005010510.50.10.050.01Detection ^c^*Aspergilluscreber*312/1212/1212/1212/1212/1212/12**11/12**6/120/120/12*Aspergillussydowii*212/1212/1212/1212/1212/1212/12**11/12**9/120/120/12*Aspergillusversicolor*112/1212/1212/1212/1212/1212/1212/12**12/12**10/120/12Confidence (%) ^d^*Aspergilluscreber*397.98 ± 1.2896.66 ± 1.5499.03 ± 0.5999.30 ± 0.2999.70 ± 0.0297.99 ± 0.5396.65 ± 0.3697.99 ± 0.53.//*Aspergillussydowii*298.72 ± 0.3999.25 ± 0.2699.28 ± 1.6699.67 ± 1.1298.840 ± 2.3496.83 ± 3.1195.63 ± 1.6395.83 ± 3.11//*Aspergillusversicolor*198.99 ± 0.2699.23 ± 0.3599.49 ± 2.0198.93 ± 0.6099.76 ± 09698.52 ± 2.3297.49 ± 0.1197.60 ± 1.0696.37 ± 1.540/^a^gDNA extracted from pure strains from the BCCM/IHEM collection. BCCM/IHEM strains used as reference: *A. creber* IHEM 2646, *A. sydowii* IHEM 26347, *A. versicolor* IHEM 18884^b^Cluster defined with the Biorad Precision Melt Analysis software 1.2 (Temse, Belgium)^c^Detection: Number of positive signals i.e., correct cluster and confidence \>95%, observed for each dilution, the LOD for each species is indicated in bold^d^Confidence (%) is the average and standard deviation (±SD)

Symmetric and asymmetric DNA concentration test {#Sec13}
-----------------------------------------------

The capacity to detect and to discriminate the 3 *Aspergillus* species when they are mixed, was tested with two different types of mix composition i.e., a symmetric mix including an equal amount of gDNA from each targeted species (*A. creber*, *A. sydowii* and *A. versicolor*) and a asymmetric mix composed of a different amount of gDNA from the 3 *Aspergillus* species, including one species present at LOD, and mixes that contained the negative control *P. chrysogenum*.

The HRM analysis of the symmetric mix A (i.e., a mix of 5 ng of gDNA of each *Aspergillus* species) yielded 3 different peaks in the Melt Peak Chart, reflecting the presence of the 3 targeted *Aspergillus* species (Table [3](#Tab3){ref-type="table"})*.* The melting profiles were clustered in another cluster than the ones corresponding to the positive controls where only one target species was present, each time with a confidence % above 95% (Table [3](#Tab3){ref-type="table"}).Table 3Symmetric, asymmetric and specificity assessment of different mixesParameterSpecies ^a^MixABCDEFGHIJKDNA amount (ng) ^b,c^*A. creber*5LOD^c^5525550550*A. sydowii*55LOD552555050*A. versicolor*555LOD55255500*P. chrysogenum*00000002525255Cluster ^d^4444444567NDPeaks in Melt Peak Chart observed ^e^72.40 ± 0.0072.40 ± 0.0072.40 ± 0.0072.40 ± 0.0072.40 ± 0.0072.50 ± 0.1472.50 ± 0.1478.40 ± 0.0077.20 ± 0.2878.10 ± 0.14ND80.60 ± 0.0080.60 ± 0.0080.60 ± 0.0080.60 ± 0.0080.60 ± 0.0080.60 ± 0.0080.60 ± 0.0081.60 ± 0.0085.00 ± 0.0082.40 ± 1.4185.40 ± 0.0085.40 ± 0.0085.60 ± 0.0085.60 ± 0.0085.50 ± 0.1485.40 ± 0.0085.40 ± 0.00Confidence (%) ^f^99.85 ± 0.0799.75 ± 0.0799.55 ± 0.3596.65 ± 2.3399.85 ± 0.0799.85 ± 0.0799.25 ± 1.0699.30 ± 0.0099.60 ± 0.0099.10 ± 0.56ND^a^gDNA extracted from pure strains from the BCCM/IHEM collection^b^Each assay contained 4 pure strains i.e., BCCM/IHEM 2646 for *A. creber*, BCCM/IHEM 895 for *A. sydowii*, BCCM/IHEM 10351 for *A. versicolor*, and BCCM/IHEM 4151 for *P. chrysogenum*. The former 3 were used as positive control and resulted in cluster 1 (*A. versicolor*), cluster 2 (*A. sydowii*) and cluster 3 (*A. creber*). For *P. chrysogenum*, used as negative control, no amplification and hence no cluster was obtained. Each HRM reaction was done with 5 μl of mix^c^LOD defined as the limit of detection defined for each species i.e., 0.1 pg for *A. versicolor* and 0.5 pg for *A. creber* and *A. sydowii*^d^Detection parameters i.e., clusters defined with the Biorad Precision Melt Analysis software 1.2 (Temse, Belgium). ND: no amplicon obtained, no cluster detected^e^Peak observed in the Melt Peak chart given by the Biorad Precision Melt Analysis software 1.2 (Temse, Belgium) -- this does not correspond to the Tm of each separate amplicon of the different species^f^Confidence (%) is the average of each percentage of confidence defined with the Biorad Precision Melt Analysis software 1.2 (Temse, Belgium) obtained for each repetition and standard deviation (±SD)

In the 3 first asymmetric mixes (i.e., mixes B, C and D, Table [3](#Tab3){ref-type="table"}), the amount of gDNA from one of the 3 *Aspergillus* species was taken at the LOD previously defined i.e., 0.1 pg for *A. versicolor* and 0.5 pg for the 2 others. The results obtained were similar (i.e., 3 peaks, correct cluster, confidence % in the same range) to those observed with the symmetric mix, even when the amount of gDNA was at the LOD (Table [3](#Tab3){ref-type="table"}). In the mixes E, F and G, one of the 3 species was added in a higher amount than that of the other 2. Once again, the 3 peaks and the cluster corresponding to the mixed species were found with high confidence with all mix configurations (Table [3](#Tab3){ref-type="table"}).

Specificity assessment {#Sec14}
----------------------

Although the *Aversi_ITS* assay was previously shown to be specific for *A. versicolor*, as evaluated for the 10 most frequent species from the indoor air background, the discrimination between *A. versicolor*, *A. creber* and *A. sydowii* was not observed in classical qPCR \[[@CR13]\]. To evaluate that the discrimination of these 3 *Aspergillus* species by the HRM method is not influenced by the presence of non-targeted species, even at a dominant concentration, 3 others mixes were made and analyzed with HRM.

In mixes H, I and J, one of the targeted species was removed from the mix (Table [3](#Tab3){ref-type="table"}), and replaced by 25 ng of *P. chrysogenum* gDNA and analyzed with the *Aversi_ITS* HRM method. For each of the mixes, we obtained 2 peaks in the Melt Peak Chart (Table [3](#Tab3){ref-type="table"}). Each of the mixes was assigned another cluster than the one obtained for the positive controls or the mixes with 3 species, each time with a confidence above 95% (Table [3](#Tab3){ref-type="table"}). For mix K, where *P. chrysogenum* was the only species present, no amplification was obtained, and hence no cluster was assigned (Table [3](#Tab3){ref-type="table"}). This was expected based on the results of Libert et al. \[[@CR13]\].

Proof-of-concept {#Sec15}
----------------

In order to verify whether this HRM analysis could be used on real-life samples, 4 environmental air samples, previously analyzed by classical methods (i.e., plate counting and microscopic identification) and by qPCR for the detection of *A. versicolor* \[[@CR13]\], were re-analyzed with the *Aversi_ITS* HRM assay.

As summarized Table [4](#Tab4){ref-type="table"}, the *Aversi_ITS* HRM analysis defined 3 different clusters for the 3 positive controls with or without the addition of salmon sperm DNA. The 2 NTCs (NTC ~water~ and NTC ~salmon\ sperm~) did not yield an amplicon.Table 4Environmental testSampleSample typeSpecies ^a^Amount of DNA/HRM analysis (ng) ^b^Salmon sperm ^c^Cluster ^d^Percentage of confidence (%) ^d^Number of positive detections ^e^Control NTC ~water~water onlywater only0NoN/A/ NTC~salmon\ sperm~Salmon sperm onlySalmon sperm only10YesN/A/ Positive controlPure culture*A. creber*25No395.74 ± 7.074/4 Positive controlPure culture*A. creber*25Yes397.32 ± 3.904/4 Positive controlPure culture*A. sydowii*25No297.91 ± 3.264/4 Positive controlPure culture*A. sydowii*25Yes298.89 ± 0.974/4 Positive controlPure culture*A. versicolor*25No199.16 ± 0.494/4 Positive controlPure culture*A. versicolor*25Yes197.99 ± 2.384/4Environmental sample Sample 1Indoor air sample*A. versicolor*19.8No199.15 ± 0.086/8Yes199.76 ± 0.017/8*P. chrysogenum* Sample 2Indoor air sample*A. versicolor*21.7No198.10 ± 0.885/8 ^\$^Yes198.93 ± 0.457/8*A. glaucusP. chrysogenumyeast* (undetermined) Sample 3Indoor air sample*P. chrysogenum*53.3NoN/AYesN/A Sample 4Indoor air sample*A. versicolor*50No198.81 ± 1.905/8^\$^Yes198.58 ± 0.558/8*infertile myceliumP. chrysogenum*^\$^At least one repetition is considered as negative due to a confidence below the 95 % threshold^a^Determined with classical methods i.e. plate culture and microscopic analysis (determination and counting) in Libert et al. \[[@CR13]\]^b^Amount of DNA extracted from air samples of 1.5 m^3^; DNA amount determined with a Nanodrop® 2000; 5 μl of extracted DNA (5 ng/μl) were used in a 20 μl -HRM analysis^c^Salmon sperm (salmon sperm) DNA carrier added (10 ng)^d^Cluster and % of confidence ± standard deviation (SD) defined with the Biorad Precision Melt Analysis software 1.2 (Temse, Belgium)^e^A sample is defined as positive for a specific species, if an amplicon is obtained, if the observed T~m~ corresponds to the Tm defined by Libert et al. \[[@CR13]\] for *A. versicolor* (i.e., 76.5 ± 0.18 °C) and if the sample is classified in the same cluster as the cluster defined for its respective positive control with a confidence \>95%

Three environmental samples (i.e., samples 1, 2 and 4), with or without the addition of salmon sperm DNA, gave a positive signal for *A. versicolor* and were all classified in only one cluster corresponding to the one of the *A. versicolor* positive control. The number of positive detections (i.e., amplification and classification in the correct cluster and confidence above 95%) of the 8 repetitions was between 5/8 and 8/8 with a confidence ranging between 98.58 ± 0.55 and 99.76 ± 0.01 (Table [4](#Tab4){ref-type="table"}). The lowest number of positive detections and the lowest confidence were obtained for a sample without the addition of salmon sperm DNA. These results were in accordance with those previously obtained by classical methods and qPCR where *A. versicolor* was found on plate and detected by qPCR \[[@CR13]\]. No amplification and consequently no cluster, was observed for the sample 3. This result was also obtained with the classical analysis \[[@CR13]\], where no *A. versicolor* was detected on plate (Table [4](#Tab4){ref-type="table"}).

Based on the above described results, it could be concluded that the 3 environmental samples contained the *A. versicolor* species, and not one of the 2 species closely related at the genetic level belonging to the same *Versicolores* group. However, in order to verify that if one of the other 2 species would have been present, it would have been possible to be detected in the environmental sample, a spike test with each of the targeted species was performed as described in Methods. At the highest gDNA concentration, with or without salmon sperm DNA, all the species were detected and classified in the correct cluster defined by the corresponding positive control (Additional file [3](#MOESM3){ref-type="media"}). The same observations were made for all spikes at LOD with a confidence between 97.70 ± 1.56% and 99.08 ± 1.14% and a positive rate between 5 and 8 for the 8 repetitions depending on the addition of salmon sperm DNA (Additional file [3](#MOESM3){ref-type="media"}: Table).

Discussion {#Sec16}
==========

Currently, an increasing amount of studies are focused on fungal indoor contamination and its impact on public health \[[@CR9], [@CR10], [@CR15], [@CR28]--[@CR32]\]. To rapidly detect and identify the fungal contaminants, qPCR holds a great potential in comparison to the classical methods based on plate counting and microscopy. Indeed, this molecular technique is rapid, sensitive, easy to use and culture independent \[[@CR4]\]. However, some issues could occur especially for the discrimination of species closely related at the genetic level. This problem was highlighted by Libert et al. \[[@CR13]\] during the development of a SYBR®Green qPCR tool for the detection of *A. versicolor* (*Aversi_ITS*), an important contaminant of indoor environment. Even if this *Aversi_ITS* assay is fast, efficient, sensitive and specific for *A. versicolor* as evaluated for the 10 most frequently occurring fungal species in indoor air, no discrimination between *A. versicolor, A. creber* and *A. sydowii* could be previously made. Indeed the insufficient variation of nucleotides inside their respective amplicons yielded a too similar T~m~ value impeding discrimination by qPCR \[[@CR13]\]. Nevertheless, the accurate identification of fungal contaminants is important to eventually determine the causal link between indoor airborne fungal pollution and respiratory health problems.

In this context, to improve the specific detection of *A. versicolor* in indoor air and to discriminate it from the other targets *A. creber* and *A. sydowii*, a post-qPCR HRM was optimized on the basis of the *Aversi_ITS* assay \[[@CR13]\]. The HRM analysis developed in this study showed the possibility to improve the *Aversi_ITS* qPCR assay by the discrimination of *A. versicolor* from *A. creber* and *A. sydowii*. All the strains for the 3 species that were available in the BCCM/IHEM collection were not only detected but also classified with a high confidence in 3 different clusters (Table [1](#Tab1){ref-type="table"}, Fig. [1a](#Fig1){ref-type="fig"}, b, c), demonstrating the inclusivity and discriminative power of the assay.

The absence of amplification when using gDNA of the 2 *P. chrysogenum* negative controls (Table [1](#Tab1){ref-type="table"}) confirms the exclusivity of the primers of the *Aversi_ITS* assay. These results confirmed those previously shown by Libert et al. \[[@CR13]\], during an exclusivity test on 10 species selected as the most detected fungal species in indoor air where no amplification was obtained for the non-targeted species.

During this study, a total of 20 strains of *Aspergillus* were tested, including all strains available for each species in the BCCM/IHEM collection i.e., 2 strains for *A. creber*, 3 for *A. sydowii*, and 15 for *A. versicolor*. In our previous study on the *Aversi_ITS* development \[[@CR13]\], we made a sequence alignment with all the sequences of *A. creber*, *A. sydowii* and *A. versicolor* available in the NCBI database at the date of analysis, which corresponds to the alignment with the sequences of all *A. creber*, *A. sydowii* and *A. versicolor* strains used during the development of the HRM assay (Additional file [2](#MOESM2){ref-type="media"}). In this study, because these *Aspergillus* species are genetically grouped in the *Versicolores* group, primer exclusivity was also verified using an alignment of primers sequences and all the ITS sequences available in the NCBI database for all the species from this group, i.e. *Aspergillus amoenus, Aspergillus austroafricanus, Aspergillus cvjetkovicii, Aspergillus fructus, Aspergillus jensenii, Aspergillus protuberus, Aspergillus puulaauensis, Aspergillus subversicolor, Aspergillus tabacinus, Aspergillus tennesseensis* and *Aspergillus venenatus*. As these showed several nucleotide variations, i.e. more than 3 as is the case for *A. versicolor*, *A. creber* and *A. sydowii*, inside the amplicon (primers annealing site included) defined by the primers sequences, these species should be able to be discriminated from *A. creber*, *A. sydowii* and *A. versicolor* (based on the T~m~) (Additional files [4](#MOESM4){ref-type="media"} and [5](#MOESM5){ref-type="media"}).

The sensitivity for the HRM assay was also tested by defining the LOD for discrimination for each species. For *A. versicolor*, the LOD was previously determined for the *Aversi_ITS* qPCR assay at 1 or 2 copies of gDNA \[[@CR13]\], corresponding to 0.05 pg of gDNA of *A. versicolor*. The LOD observed for *A. versicolor* in the HRM assay was determined at 0.1 pg of gDNA. This difference is due to the confidence threshold applied in this study (i.e., 95%). The dissimilarity observed between the LOD for the qPCR and HRM could be explained by the fact that an HRM analysis needs a higher amount of DNA templates to discriminate with high confidence. According to the user guide for the HRM analysis \[[@CR25]\], the threshold for an HRM discrimination is observed around 30 C~q~ (corresponding to 0.5 pg of DNA of *A. versicolor*). Above this C~q~ limit, the results are too variable. As no LOD was defined in the previous study for *A. creber* and *A. sydowii*, a sensitivity test was performed for the HRM assay and the LOD for these two species was defined at 0.5 pg of gDNA (Table [2](#Tab2){ref-type="table"}). Thus, as observed by Libert et al. \[[@CR13]\] with the SYBR®Green chemistry, the *Aversi_ITS* primers are more efficient for the amplification of gDNA of *A. versicolor* than for the two other species. This difference of sensitivity could impact the level of detection in real-life samples where some species could be present in very low concentration. However, in addition to the sensitivity assessment, HRM assays were performed on gDNA mixes from pure cultures of *A. creber, A. sydowii* and *A. versicolor*, present at different amounts, including at the LOD. The results obtained during these tests demonstrated that the HRM technology can be used to detect a mix of species, even when the gDNA mix is not equilibrated (Table [3](#Tab3){ref-type="table"}). By including the appropriate positive controls (single target and different mixes of 2 and 3 pure strains) the species can be discriminated. However, it has to be mentioned that in real-life samples, the chances to find a mix of the 3 species, i.e. *A. versicolor*, *A. creber* and *A. sydowii* are rather small.

Sensitivity and discrimination were also observed for the environmental, i.e. indoor air samples containing gDNA from these 3 species. One of those samples, which was demonstrated to be negative for *A. versicolor* based on classical methods and qPCR \[[@CR13]\], was used to spike the 3 targeted species for HRM analysis. No inhibition from the environmental sample matrix on the detection and discrimination of the 3 species was detected. The discrimination between the 3 species could be made, even if one of them was present at the LOD or if a non-targeted species was present (e.g., *P. chrysogenum)* (Table [4](#Tab4){ref-type="table"} and Additional file [3](#MOESM3){ref-type="media"}).

In the other non-spiked indoor air samples, *A. versicolor* was detected, in accordance with the previous results obtained with classical methods based on culture and microscopic determination (Table [4](#Tab4){ref-type="table"}). In each of these positive samples, *A. versicolor* was present with other common indoor air species (i.e., *A. glaucus* and *P. chrysogenum*) or with undetermined strains. This however did not affect the HRM-based detection, with a detection and discrimination of *A. versicolor* in each of the samples where the SYBR®Green *Aversi_ITS* qPCR method previously detected *A. versicolor* \[[@CR13]\]. However, based on the classical detection methods \[[@CR13]\], it was observed that the level of contamination by *A. versicolor* in sample 2 was close to the LOD of the qPCR (i.e., 0.05 pg of gDNA). This could explain why the level of positive repetitions in the HRM analysis varied between 62.5% (5/8, without salmon sperm DNA added) and 100% (8/8, with salmon sperm DNA added) (Table [4](#Tab4){ref-type="table"}). This might also indicate that adding salmon sperm DNA to the HRM reactions improves the performance of this assay, as a similar trend was observed for the other environmental samples. However, no statistical evidence could be obtained for this observation due to the low amount of total extracted DNA available per environmental sample for the analysis which limited the number of repetition which could be made.

In comparison to other powerful discriminatory methods such as high-throughput sequencing, the advantage of the HRM analysis is that is a faster (only 1 step, in comparison to multiple steps for sequencing) and more cost-effective method to highly accurately screen a large amount of samples for the presence of specific targets. In our study, HRM allowed to discriminate 3 closely related *Aspergillus* species, thereby offering a tool to investigate in future studies the specific impact of each species on health issues, which was until now not possible with the currently used methods. The HRM method can be easily implemented in a public health laboratory, with an instrument that is not that expensive as and more user-friendly than a sequencer, and it does not require bioinformatics expertise which in contrast is needed to analyze high-throughput sequencing data. Additionally, sequencing errors can have an impact on the interpretation of high-throughput sequencing-based identification methods, especially when the discrimination is based on a single nucleotide difference. So for our application, the HRM analysis is more advantageous than sequencing. For other applications, such as the determination of the diversity in a sample, high-throughput sequencing might be more suited.

Conclusions {#Sec17}
===========

Conclusively, our study, by taking 3 *Aspergillus* genetically closely related species as a case study, demonstrated that HRM analysis, based on existing qPCR methods, could be used to more accurately detect and identify indoor fungal contamination. HRM analysis offers the advantage to easily discriminate genetically close species which are difficult to be distinguished. This increase in accuracy will improve data on indoor air fungal contamination. This is especially important for currently difficult to be discriminated species, but that could however diverge in terms of toxicity, allergenicity or pathogenicity. In this study, the proof of concept was delivered for the 3 species from the *Versicolores* group based on a SYBR®Green *Aversi_ITS* qPCR method previously developed for *A. versicolor* \[[@CR13]\]. In the future, other existing SYBR®Green qPCR assays could be adapted for HRM by using a saturating dye for other species, to improve the discrimination of genetically close species. Eventually, the use of HRM in routine analysis performed in the framework of monitoring activities will contribute to the insight in the causal link between indoor fungal contamination and public health.
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